Sphingolipids (SP) are a complex family of compounds ( 1 ) that shares the structural feature of having a sphingoid base backbone, which varies somewhat in structure but is most often sphingosine for mammalian SP ( 2 ). Interest in SP metabolism has grown as the genes for enzymes of this pathway have been identifi ed and the metabolites, including intermediates such as ceramides (Cer), have been found to have vital biological functions and important roles in disease ( 1 ). SP can be analyzed by a wide variety of methods ( 3 ), and all of the early metabolites (summarized in Fig. 1 ) can be quantitated by liquid chromatography-electrospray-ionization tandem mass spectrometry (LC-ESI-MS/MS) using commercially available internal standards ( 4 ).
Sphingolipids (SP) are a complex family of compounds ( 1 ) that shares the structural feature of having a sphingoid base backbone, which varies somewhat in structure but is most often sphingosine for mammalian SP ( 2 ) . Interest in SP metabolism has grown as the genes for enzymes of this pathway have been identifi ed and the metabolites, including intermediates such as ceramides (Cer), have been found to have vital biological functions and important roles in disease ( 1 ) . SP can be analyzed by a wide variety of methods ( 3 ) , and all of the early metabolites (summarized in Fig. 1 ) can be quantitated by liquid chromatography-electrospray-ionization tandem mass spectrometry (LC-ESI-MS/MS) using commercially available internal standards ( 4 ) .
In applying MS to metabolic studies, stable-isotope-labeled precursors are typically used to provide information about changes in the amounts of the molecular species of interest ( 5 ) . Stable-isotope-labeled palmitate is particularly useful because SP biosynthesis begins with condensation of palmitoyl-CoA and serine to form the sphingoid base backbone ( Fig. 1 ) , and palmitoyl-CoA and other fatty acyl-CoAs are also used by Cer synthases (CerS) to add the second chain ( 1, 6 ) . Stable isotope labeling of SPs has were from Avanti Polar Lipids (Alabaster, AL) as described previously for the analysis of these lipids ( 4, 10 ) . The [U- 13 C]palmitate (98%) was purchased from Cambridge Isotope Laboratories (Andover, MA); fatty-acid-depleted BSA was from Calbiochem (EMD, Darmstadt, Germany); and phospholipase D (PLaseD) from Streptomyces chromofuscus was purchased from Biomol (Plymouth Meeting, PA) and had a specifi c activity of 50 kU/ml.
Cell culture
HEK293 cells (catalog #CRL-1573) were obtained from the ATCC ® (Manassas, VA) and grown in 100 mm tissue culture dishes as described previously ( 11 ) . After the indicated treatments, the medium was removed, and the cells were washed and scraped from the dishes for extraction of the SP ( 4 ) or fatty acylCoAs ( 10 ) as described previously. For the 13 C-labeling experiments, cells at ‫ف‬ 80% confl uence were changed to new medium the evening before the experiment, then at time zero for labeling, 0.5 ml of medium was replaced with 2 mM [U- 13 C]palmitate in a 1:1 molar complex with fatty acid-free BSA in PBS, for a fi nal concentration of 0.1 mM [U- 13 C]palmitate. The 1:1 molar complex with fatty acid-free BSA in PBS was prepared as previously described ( 12 ) .
LC-ESI-MS/MS
LC-ESI-MS/MS analyses of the SP ( 4 ) and fatty acyl-CoAs ( 10 ) were performed as described previously. In each case, the lipid been described previously ( 7-9 ) using gas chromatographyelectron impact-mass spectrometry (GC-EIMS) to monitor the individual sphingoid base and palmitate moieties in different categories of SP, but this approach does not provide information about intact molecular species due to their fragmentation.
This article describes the types of results that are obtained upon utilization of LC-ESI-MS/MS to analyze the incorporation of [U- 13 C]palmitate into SP by HEK293 cells, it and describes factors that should be considered in such studies, such as the position of the 13 C and the isotopic enrichment of the precursor [ 13 C]labeled palmitoyl-CoA, which can also be determined by LC-ESI-MS/MS ( 10 ).
EXPERIMENTAL PROCEDURES
Additional details about materials and methods are provided in the supplementary data.
Reagents
The internal standard cocktail for sphingolipid analysis (catalog number LM-6002) and the fatty acyl-CoA standards (pentadecanoyl-, heptadecanoyl-, tricosanoyl-, and pentacosanoyl-CoAs) C]palmitate appears. The pathway begins with the activation of palmitate (C16:0) to palmitoyl-CoA, which is condensed with serine via serine palmitoyltransferase (SPT) to produce 3-ketosphinganine, which is reduced to sphinganine (d18:0) ( 11, 46 ) . Sphinganine is acylated to dihydroceramides (DHCer) by Cer synthases (CerS) ( 6, (47) (48) (49) (50) utilizing fatty acyl-CoAs (the upper panel shows how fatty acyl-CoAs are elongated by ELOVL1/3/6 and/or desaturated by SCD1 to 4, beginning with palmitoyl-CoA). DHCer is oxidized (or hydroxylated, not shown) by desaturases (DES1 or 2) to ceramides (Cer), with a sphingosine (d18:1) backbone. Cer and, to a minor extent, DHCer are converted to sphingomyelins (SM) and monohexosyl Cer (glucosylceramide, GlcCer, and small amounts of galactosylceramide, GalCer, for HEK293 cells). Also shown is the turnover of DHCer and Cer by ceramidases, which can produce d18:1 and d18:0 that can be recycled (indicated by the dashed lines and asterisk) or phosphorylated by sphingosine kinases (SphK, 44), followed by catabolism via sphingosine phosphate lyase (SPL, 45). The short-hand nomenclature shown in this fi gure (2) designates the sphingoid base by the number of hydroxyl moieties (d for dihydroxy), the number of carbon atoms (18 being the major chain length for most mammalian SL), and the number of double bonds (1); likewise, the N-acyl-chain is designated by the number of carbon atoms and double bonds. 
Analysis of backbone labeling of SM by LC-ESI-MS/MS after phospholipase D treatment
SM fragmentation gave loss of headgroup but not backbone fragmentation; thus, it did not reveal the location of the 13 C. Therefore, this was determined by enzymatic cleavage of the SM to Cer-1-P, which follows the more informative fragmentation shown in Fig. 2 ( 4 ) . For this analysis, an aliquot (10-50%) of the SP extract was added to a 13 × 100 mm borosilicate glass test tube, the solvents were removed under vacuum, and then 0.1 ml of 3 mM decylglucopyranoside (Sigma, St. Louis, MO) was added. The lipids and detergent were dispersed by brief vortexing and sonication for ‫ف‬ 30 s in a Branson B-12 bath-type sonicator (Emerson Industrial Automation, Danbury, CT), and then 500 units of PLaseD (from a stock of 10,000 units/ml in 3 mM decylglucopyranoside and 0.1 M Tris HCl, pH 8.0) were added. After this mixture was incubated with shaking for 15 min at 37°C (which cleaved all of the SM), the sample was dried under vacuum and reconstituted in mobile phase for analysis of Cer-1-P by LC-ESI-MS/MS ( 4 ). This method was validated as described in the supplementary text and Fig. II . These analyses revealed that there was ‫ف‬ 8-fold greater 13 C-labeling of the fatty acid moiety compared with the sphingoid base moiety in the singly labeled SM in HEK293 cells, providing a correction factor for [M + 16] SM quantities.
Statistics
The lipid quantities were normalized to protein as determined by the Pierce BCA assay kit (catalog #23225, Thermo Fisher Scientifi c, Rockford, IL) (for reference, 1 mg protein corresponds to 1.7 × 10 6 HEK293 cells). The data for Cer, MHC, and SM are means ± SEM (n = 4) and for fatty acyl-CoAs, means ± range (n = 2).
RESULTS AND DISCUSSION
As summarized in Fig. 1 , [U- 13 C]palmitate is incorporated into [U- 13 C]palmitoyl-CoA and utilized for de novo SP biosynthesis at two steps: 1) by serine palmitoyltransferase (SPT) to make the sphingoid base backbone, and 2) addition of an N-acyl-fatty acid by ceramide synthases (CerS), of which CerS5 and 6 incorporate [U- 13 C]palmitate per se and the others incorporate longer chain fatty acids which could be made by elongation and desaturation, of [U- 13 C]palmitoyl-CoA . Therefore, from a metabolic perspective, there are four distinct forms for each chain-length subspecies as shown in Fig. 2 : one that is not derived from [U- 13 C]palmitate (referred to as "unlabeled"); two that have been made by utilization of [U- 13 C]palmitate by SPT, in one case also with [U- 13 C] palmitate as the amide-linked fatty acid (referred to as "dual-labeled"); and one where the compound is only labeled by [U- 13 C]palmitate in the sphingoid base (referred to as "base-labeled"); and one without [U- 13 C]palmitate in the sphingoid base but with [U- 13 C]palmitate in the amide-linked fatty acid (referred to as "fatty acid-labeled"). This latter species might be presumed to arise from reacylation of preexisting sphingoid bases that arise from complex SP turnover (as indicated on the right side of Fig. 1 in the dashed lines from d18:0 and d18:1), but this would overestimate this route if the cells continue to produce 12 C-base-labeled SP due to incomplete labeling of the 13 C/ 12 C-fatty acyl-CoA pool, as will be described later.
extracts were examined by precursor-product scans followed by LC-ESI-MS/MS with multiple reaction monitoring (MRM) to select the subspecies that were suffi ciently prevalent to include in the fi nal MRM analysis protocol. In the case of the monohexosylceramides (MHC), this required additional analysis under LC conditions that resolve GlcCer and GalCer ( 4 ); however, this analysis revealed that HEK293 cells have such small quantities of GalCer (as well as insignifi cant amounts of labeled free sphingoid bases, Cer-1-P, many of the dihydroSPs, and complex SP with >1 saccharide) that our analysis could focus on Cer, SM, and GlcCer, which accounted for >95% of the 13 The MRM precursor-product ion pairs and fraction of total quantity (r ) that were used for these SP are summarized in supplementary Table I Table IV (Cer-1-P). The fraction of total quantity (r) was used to calculate the total amount of a compound from the counts per second (cps) observed with a single MRM pair by taking into account the fraction of the total compound that was represented by that exact mass. This fraction differed based on the number of natural abundance 13 C atoms in the compound (which, in turn, was related to the total number of carbons). The fraction was calculated using an isotopic abundance calculator (e.g., http://winter.group.shef.ac.uk/chemputer/isotopes.html) regardless whether one or both of the acyl moieties were enriched with 13 C (i.e., 16 or 32 13 C from stable isotope-labeled palmitates). This correction factor is given in supplementary Tables I-IV as the MRM observed isotopic abundance relative to the sum of all isotopic species. Using this value for "r," each SP was quantifi ed by comparing its ion abundance to that for an appropriately selected internal standard (see Ref. 4 for how standards were selected and validated for SP) using the formula: pmol of analyte = [(cps of analyte) corr × (1 / r of analyte)] × {pmol of internal standard / [(cps of internal standard) corr × (1 / r of internal standard)]}. The subscript "corr" signifi es that the measured cps for the analyte and internal standard have already been corrected for any differences in ion yield for equivalent pmol of the compounds (this adjustment was made from standard curves and, in our experience, is relatively small for these SP versus the internal standards under optimized MRM conditions, but this depends on the instrument and conditions employed) ( 4 ) . The data from these analyses are given in this article as pmol analyte/mg protein, with a depiction of the relative proportions of the four isotopologues and isotopomers as pie graphs in supplementary Fig. I .
The fatty acyl-CoAs were quantifi ed similarly using odd-chainlength internal standards, as described recently ( 10 ).
Calculation of the isotopic enrichment
The isotopic enrichment of fatty acyl-CoAs was calculated as:
The isotopic enrichment of N-acyl SPs was calculated as: Supplemental Material can be found at:
As shown in Fig. 2 , these forms can be distinguished by mass spectrometry based on the m/z of the precursor and product ions (with the exception of SM, as discussed later) ( 4 ). The convention is for molecules with the same chemical structure but different isotopes at specifi c structural position(s) to be referred to as "isotopologues" and for compounds with the same chemical structures and the same isotopes, but at different structural position(s), to be referred to as "isotopomers." Hence, by this convention, the subcategories base-versus fatty acid-labeled Cer are isotopomers, whereas there are three subcategories of isotopologues: unlabeled, the combined isotopomer pair (base and fatty acid) and dual ( Fig. 2 ) .
One of the factors to consider in using these relationships to quantify unlabeled, base, fatty acid, and dual Cer by LC-ESI-MS/MS using MRM is that the abundance of a single precursor-product ion pair (such as the molecules with only Fig. 3 . This correction of the measured ion abundance of a given MRM precursor-product pair can be made using an isotopic abundance calculator as described in Experimental Procedures; however; the correction factors also change when one or both of the alkyl chains is derived from [U- ( Fig. 3 ) . This requires additional correction factors, which were calculated for the major chain-lengths of mammalian SP and are presented in supplementary Tables I-IV.
Incorporation of [U-

C]palmitate into the ceramide of HEK293 cells
To exemplify the types of results that are obtained from analysis of SP biosynthesis using [U- cells were incubated with [U- 13 C]palmitate for 0-6 h, and the SP were analyzed by LC-ESI-MS/MS. Before calculating the amounts of each subspecies using the MRM pairs (supplementary Tables I-III) as described in Experimental Procedures, another potentially complicating factor should be considered. It has been assumed that within the timeframe of the experiment, [U- 13 C]palmitate does not undergo chain shortening followed by resynthesis; e.g., ␤ -oxidation of [U- 13 C]palmitate to myristic acid, 13 C 14 -C14:0, followed by resynthesis of palmitate using unlabeled 12 C, which would produce SP with shifts in m/z in units other than 16 and 32. To explore this possibility, a precursor ion scan for the Cer backbones of SM was conducted with the lipid extract from HEK293 cells incubated with [U- 13 C] palmitate for 3 h ( Fig. 4 ) The base-and dual-labeled isotopomers ( Fig. 5A , B ) have 13 C in the sphingoid base moiety and, therefore, have been unambiguously made via de novo biosynthesis. The total amounts of the base and dual Cer were ‫ف‬ 22 and ‫ف‬ 50 pmol/mg protein, respectively, after 6 h incubation of the cells with [U- The amounts of unlabeled Cer (i.e., with 13 C in neither the sphingoid base nor fatty acid) ( Fig. 6A ) decreased substantially within the fi rst hour for all of the N-acyl-chain length isotopologues, with the possible exception of C18:0 and C20:0, and the subspecies decreased from ‫ف‬ 250 to ‫ف‬ 110 pmol/mg protein between 0 and 6 h. By 6 h, the Cer isotopomers 13 C-labeled in the N-acyl chain (i.e., with 12 Csphingosine and 13 C-fatty acid) increased to ‫ف‬ 28 pmol/mg protein ( Fig. 6B ) and were composed mainly of the C16:0 chain length, with progressively smaller amounts of C18:0, C20:0, C22:0, etc., in a manner similar to that for the duallabeled isotopomer (see Fig. 5B ). From the sum of dualand fatty acid-labeled Cer with chain-lengths у 18 carbons ( Figs. 5B and 6B ), >10 pmol of 13 C-palmitoyl-CoA was elongated into 13 C-stearoyl-CoA and utilized [presumably by the C18-specifi c CerS1 ( 13 ) ] within this timeframe.
Although the chain-length distributions of the Cer isotopologues and isotopomers differed considerably and 
reached an apparent plateau of ‫ف‬ 60% for C16:0-CoA between 3 and 6 h, which also appears to be when the elongated and/or desaturated metabolites (C18:0-, C16:1-, and C18:1-CoA) reached maxima. Isotopic enrichment was, nonetheless, more extensive for C16:0-CoA at the earliest time point (35% at 1 h) than for other chain lengths (<20% at 1 h). Such a lag would be expected as the 13 C-precursor was undergoing coupling with CoA by shifted over the 6 h time course (see Figs. 5 and 6 and supplementary Fig. I ), the total amounts of most of the Cer subspecies (i.e., the sum of all four isotopologues and isotopomers with a particular N-acyl chain length) remained remarkably constant over the 6 h of study ( Fig.  6C ) . Indeed, only the C24 chain length Cer decreased, perhaps indicating that, at least under the conditions of this experiment, the last step of elongation (C22 → C24) is relatively slow. With this exception, the fairly constant level of Cer suggests that the cells have a mechanism to maintain some degree of Cer homeostasis despite substantial rates of turnover (as refl ected in the decrease in unlabeled Cer from 250 ± 70 to 110 ± 20 pmol/mg protein between 0 and 6 h, calculated from the sums of all Cer chain lengths shown in Fig. 6A ).
Incorporation of [U-
C]palmitate into the fatty acyl-CoAs of HEK293 cells
Measurement of [U- 13 C]palmitate incorporation into base-and dual-labeled SP will underestimate the actual rate of biosynthesis if the C16:0-CoA precursor pool has less than 100% isotopic enrichment. Thus, LC-ESI-MS/MS was also used to quantify the major 13 C-fatty acyl-CoAs (C16-and C18-) in both the ( Fig. 7A ) and after ( Fig. 7B ) treatment with 0.1 mM [U- 13 C]palmitate for 3 h. The addition of labeled palmitate approximately tripled the quantity of total C16:0-CoA and doubled the total quantity of C16:1-CoA (see Fig. 7A, B ) , but the total amounts of C18:0-and C18:1-CoA were not noticeably altered. The isotopic enrichment over the 6 h time course is shown in Fig. 7C ; it The importance of analyzing not only the downstream SP metabolites but also the level of isotopic enrichment of the fatty acyl-CoA species was illustrated in the differences for C16:0-CoA (60%) versus C18:0-CoA (20%) ( Fig. 7C ) . fatty acyl-CoA synthetases ( 14-16 ), followed by elongation ( 17, 18 ) and/or desaturation (19) (20) (21) . The level of isotopic enrichment between 3 and 6 h also differed and was approximately 60%, 45%, 20%, and 10% for C16:0-, C16:1-, C18:0-, and C18:1-CoA, respectively ( Fig. 7C ) . from de novo biosynthesis rather than from the turnover of preexisting complex SP.
With the estimate for the 13 C enrichment of the palmitoyl-CoA pool (0.6) and the assumption that a single, wellmixed pool of this biosynthetic precursor is used by both SPT and CerS5/6, one would predict that every 13 C-labeled sphingoid base would partition between dual-versus baselabeled C16:0-Cer in the ratio 0.6 to 0.4 (i.e., 1.5:1); however, it is clear from the data in Fig. 5 that the ratio is closer to 10:1. A possible explanation for why utilization of 13 C16:0-CoA by both SPT and CerS was more common than predicted might be a close association of the enzymes for these reactions; i.e., the ligase that activates 13 C-palmitate to 13 C16:0-CoA, SPT, and CerS5/6. Coordination between fatty acyl-CoA biosynthesis and Cer biosynthesis has not yet been reported for these partners, but production of C24-CoA by ELOVL1 elongation has been shown to be coordinated with its utilization by CerS2 for biosynthesis of C24-Cer ( 22 ) . The subcellular localization of these compounds and the enzymes of SP metabolism might also infl uence the labeling time course and profi les (23) (24) (25) .
Incorporation of [U-13 C]palmitate into the monohexosylceramides of HEK293 cells
As noted above, another factor in estimating de novo SP biosynthesis using [U- 13 C]palmitate is that Cer undergoes further metabolism to SM, GlcCer ( 26 ) , and GalCer ( 27 ) , with the latter two being the monohexosylCer precursors for more complex glycosphingolipids ( Fig. 1 ) . GlcCer and GalCer are isobaric but can be resolved by LC ( 4 ), which was unnecessary for HEK293 cells because GalCer was present in insignifi cant amounts (as described in Experimental Procedures). Therefore, we used the more rapid method for analysis of MHC ( 4 ), recognizing that this is referring almost entirely to GlcCer.
There were 2-8 pmol of the base-labeled isotopomers/ mg protein (depending on the chain length of the N-acyl-subspecies) after 6 h of [U- 13 C]palmitate incubation, with the most prominent being C22:0, C24:1, and C24:0, which differed from the distribution for base-labeled Cer ( Figs. 5A and 8A ). As seen with Cer (see Figs. 5B and 8B ), the dual-labeled MHC was mainly the C16:0 N-acyl-chain length species ( ‫ف‬ 11 pmol/mg protein after 6 h); each of the other N-acyl chain lengths was р 1 pmol/mg protein.
The unlabeled isotopologue accounted for the majority of the MHC (almost 700 pmol/mg protein at the beginning of incubation) ( Figs. 8C and 9A ) but decreased to <200 pmol over the 6 h time course. Interestingly, the unlabeled MHC was initially composed of mainly C24:1 and 24:0 N-acyl chain lengths, but the proportion of C16:0 was higher at the end of the 6 h incubation.
The apparent quantities of fatty acid-labeled MHC ( Fig.  9B ) were puzzling because it appeared that the 13 C-labeling was highest at time zero and decreased, instead of the expected opposite. This situation was explained by identifi cation of MHC with ␣ -hydroxy fatty acids ( 28 ) in HEK293 cells, which have the same precursor/product m/z (and under the LC conditions used here, a similar elution profi le). This interfered with determination of the amounts of
Estimation of C16:0-ceramide biosynthesis, including the isotopic labeling of fatty acyl-CoAs of HEK293 cells
The isotopic enrichment with 13 C16:0-CoA appeared to be uniform between 3 to 6 h after addition of 13 C-palmitate ( Fig. 7 ) . Over this time period, the rate of appearance of newly synthesized 13 C16:0-Cer 2 was 37 ± 3 pmol/mg protein × h [the sum of base-labeled (3 ± 0.4) and dual-labeled (34 ± 3)]. Taking into account that 60% of the C16:0-CoA pool was composed of 13 C-palmitoyl-CoA, another 25 pmol/mg protein of C16:0-Cer should appear from unlabeled C16:0-CoA, totaling 62 pmol/mg protein*h.
This adjustment is useful not only in thinking about the magnitude of Cer production beyond that estimated using 13 C alone, but also in considering the origins of the unlabeled and the fatty acid-labeled Cer ( Fig. 6 ) . If the 13 C isotopic enrichment of the C16:0-CoA pool had been 100%, then all of the 12 C-backbone-labeled Cer would be presumed to refl ect Cer that existed before the labeling time course began, most likely from turnover of preexisting, more complex SP, such as SM. If ‫ف‬ 25 pmol of the unlabeled backbone C16:0-Cer/mg protein × h (out of a total of 60 pmol/mg protein × h based on 37 ± 2 pmol of unlabeled/mg protein × h and 23 ± 2 pmol of fatty acid-labeled/ mg protein × h) ( Fig. 6 ) appears from de novo biosynthesis using unlabeled C16:0-CoA, then about half of the 12 C-backbone-labeled Cer is likely to be due to de novo biosynthesis and about half to turnover. Likewise, it appeared that the amounts of unlabeled Cer leveled off between 3 and 6 h ( Fig. 6A ) , which suggests that Cer metabolism had reached isotopic equilibrium. Taken together, these estimates suggest that the majority of the C16:0-Cer in these cells at a given time point was derived case, ␣ -hydroxy MHC could have been resolved using the LC conditions that separate GlcCer and GalCer) ( 4 ).
After adjustment for the isotopic enrichment of the fatty acyl-CoA pool, the de novo synthesis of C16:0-MHC would be ‫ف‬ 13 pmol/mg protein per h in the labeling period between 3 and 6 h based on apparent rates of 7 ± 2 pmol for the dual-labeled plus 1 ± 0.5 pmol for the base-labeled the 13 C-fatty acid-labeled MHC, but it at least placed upper limits to what they might be (i.e., the amounts shown if all were 13 C-labeled MHC and none were ␣ -hydroxy MHC). This overlap of the MRM pair for 13 C-fatty acid-labeled and ␣ -hydroxy MHC illustrates that one must always be mindful that samples might contain isobaric compounds and that steps to distinguish them might be needed (in this sum of the SM with [U- 13 C]palmitate in the backbone and/or fatty acid is only ‫ف‬ 100 pmol/mg protein, which is only a fraction of the loss of unlabeled SM over this time period, corresponding to a substantial net decrease in SM ( Fig. 11C ) . The cause of this decrease in SM is not known, but it might be due to stimulation of SM turnover by the exogenous tracer since palmitate is known to modulate gene expression and signaling in some systems (29) (30) (31) (32) .
Estimation of C16:0-sphingomyelin biosynthesis, including the isotopic labeling of fatty acyl-CoAs of HEK293 cells
During the period when the C16:0-CoA was at isotopic equilibrium (3-6 h), the amount of newly synthesized C16:0-SM (i.e., unambiguously synthesized de novo by 13 Clabeling of the sphingoid base) was 34 ± 11 (dual-labeled) plus 2 ± 0.6 (base-labeled) for a total of 36 ± 11 pmol/ mg protein × h. Based on the 60% isotopic enrichment of 13 C16:0-CoA pool ( Fig. 7 ) during this period, the predicted amount of de novo 12 C-C16:0 SM was ‫ف‬ 24 pmol/mg protein × h, for a total of only ‫ف‬ 60 pmol/mg protein × h. This apparently low rate of de novo SM biosynthesis might be related to the apparent stimulation of SM turnover noted above, or it might indicate that the cells derived a considerable amount of SM from the culture medium (i.e., from serum) ( 33 ) .
Estimation of overall C16:0 sphingolipid biosynthesis, including the isotopic labeling of fatty acyl-CoAs of HEK293 cells
During the period when 13 C16:0-CoA was at apparent isotopic equilibrium (3-6 h), the rate of appearance of the summed C16:0-SP was 135 pmol/mg protein × h (62 + 13 + 60 pmol/mg protein × h for C16:0-Cer, C16:0-MHC, and C16:0-SM, respectively). This estimate was compared with species (i.e., 8 ± 2 pmol/mg protein × h total) plus ‫ف‬ 5 pmol/mg protein × h for the 12 C-MHC that would be expected to have been made from 12 C-palmitoyl-CoA. These estimates do not take into account the amounts of GlcCer that are incorporated into more complex glycosphingolipids. Analysis of all the isotopomers and isotopologues of that complex family of downstream metabolites remains an analytical challenge. Nonetheless, if the rate of disappearance of unlabeled C16:0-MHC ( Fig. 9A ) represents the disappearance of preexisting MHC as they are incorporated into more complex glycosphingolipids, then this rate would be two times higher than the apparent rate of C16:0-MHC labeling.
Incorporation of [U-
C]palmitate into the sphingomyelin of HEK293 cells
Since SM does not fragment to product ions that give information about the specifi c sphingoid base and fatty acid composition in positive ( Figs. 2 and 3 ) or negative ionization modes ( 4 ), PLaseD was used to convert SM to Cer-1-P for analysis of the backbone composition as described in Experimental Procedures. 3 As shown in Fig.  10A , after 6 h of incubation with [U- 13 C]palmitate, baselabeled SM was ‫ف‬ 4.5 pmol/mg protein with approximately two-thirds as the C16:0-chain length, in contrast to baselabeled Cer ( Fig. 5A ) and MHC ( Fig. 8A ) where the longer chains predominated. Dual-labeled SM was ‫ف‬ 45 pmol/mg protein and comprised mainly the C16:0-subspecies ( Fig.  10B ) . Unlabeled SM was initially very high ( ‫ف‬ 1,800 pmol pmol/mg protein) but decreased by ‫ف‬ 800 pmol over this time period ( Fig. 11A ) . Fatty acid-labeled SM increased to ‫ف‬ 40 pmol/mg protein ( Fig. 11B ) . It is interesting that the This simple equation models E t (the isotopic enrichment of a metabolite at time = t) as an exponential approach (with base e) to the asymptote E p (the plateau isotopic enrichment at isotopic equilibrium) driven by k (the fractional turnover rate per unit time of the metabolite pool). This equation is most appropriate for single-pool metabolites that reach isotopic equilibrium during the time course of the experiment ( 5 ). Based on the values of E p and k generated by curve-fi tting, this data modeling approach appeared to be satisfactory for Cer ( Fig. 12 ) . It was less satisfactory for MHC and SM (not shown) as refl ected in the quality of curve-fi tting (i.e., R 2 < 0.75 for SM longer than C18:0, and for C22:0 and C24:0 MHC) or the calculated E p was greater than 1 (seen with C16:0-and C18:0-SM and all MHC except C22:0 and C24:0), which is not possible. The poorer agreement for MHC and SM than for Cer might be because they had smaller enrichments and did not reach an enrichment plateau during this timeframe. Table 1 shows the estimated fractional turnover rates of the metabolite pool per unit time ( k ) and different isotopic enrichments at plateau ( E p ) for the examined N-acyl Ceramide isotopic enrichment versus time. The equation at upper left was used to curve-fi t ceramide isotopic enrichment data to estimate the fractional turnover rate per unit time ( k ) and the plateau isotopic enrichment (E p ) for the ceramide N-acyl chain lengths shown. The ceramide isotopic enrichment was calculated as described in Experimental Procedures. Estimated values for k and E p as well as the correlation coeffi cients ( R 2 ) are shown in Table 1 . C24:0-Cer, may underlie the relatively slow isotopic labeling of C24:0-Cer with [U-
13 C]palmitate). Using the estimated values of k and the quantities of unlabeled Cer at 6 h (Q) for each N-acyl chain length, the rate of appearance of Cer (R a ) was determined by the relationship k × Q = R a , as shown in Table 1 . The R a of C16:0-Cer was ‫ف‬ 119 pmol/mg protein × h using this approach, which is similar to the 135 pmol/mg protein × h estimate obtained by quantitating C16:0-Cer (and its MHC and SM metabolites), followed by correction for C16:0-CoA labeling.
Extending this rationale to very long chain N-acyl SPs, addition of the biosynthetic rates estimated for all of the N-acyl chain lengths of Cer observed in HEK293 cells using the exponential growth curve-fi tting approach ( Table 1 ) gives a total de novo SP biosynthetic rate of 185 pmol/mg protein × h, or about ‫ف‬ 1.6-fold higher than the estimated biosynthetic rate for just the C16:0 SP, under these conditions.
Additional comments regarding the use of [U-13 C] palmitate for studies of de novo sphingolipid biosynthesis
Lipidomic analysis provides the quantities of different SP subspecies present in cells under particular circumstances, but it does not reveal the origin (i.e., from de novo biosynthesis, turnover, and/or recycling). As illustrated by this study, additional information can be obtained using [U- 13 C]palmitate as a precursor combined with LC-ESI-MS/MS for analysis of the four isotopologues and isotopomers of each N-acyl SP category of interest ( 4 ), especially if combined with analysis of the isotopic enrichment of the precursor fatty acyl-CoAs ( 10 ) . Consideration of these factors gives a more accurate picture of de novo sphingolipid biosynthesis than has heretofore been possible.
At the same time, there are inherent limitations to such approximations. One of the possible limitations is that adding 0.1 mM [U- 13 C]palmitate tripled the quantity of total palmitoyl-CoA in the cells ( Fig. 7B ) , even though this concentration is within the physiological norm ( 35 ) . This might not be an innocuous perturbation because palmitoyl-CoA can affect gene regulation ( 36, 37 ) , ion transport ( 38 ) , and SP biosynthesis ( 39, 40 ) . An alternative approach might be to use a stable isotope-labeled precursor for endogenous palmitate biosynthesis, such as [1,2- 13 C]acetate (which would necessitate a more complex analysis of the data) (41) (42) (43) , or to use labeled ). c Isotopic enrichment at plateau/isotopic equilibrium (unitless). d Unlabeled ceramide ( 12 C) quantities at 6 h (pmol/mg protein). e The rate of appearance of ceramide calculated as R a = k × Q (pmol/mg protein × h).
serine, although that has the disadvantage that it only shifts the m/z of the labeled SP by a few amu (not to mention that serine also participates in multiple metabolic pathways).
Another potential limitation is selection of an optimal time course. These studies chose a time course that minimized complications from "scrambling" of the stable isotope-labeled precursor (e.g., by ␤ -oxidation of U- 13 Cpalmitate to 13 C-acetate that mixes with 12 C-acetate from other sources and appears in 13 C-palmitate with an amu shift other than 16). This was suffi cient to isotopically label some (but not all) SP in these cells, but it uncovered some puzzling changes, such as the apparent turnover of SM. Further investigation will be needed to understand these observations, and it will be interesting to see which results are similar and different for other cell types.
